Interpreting the diphoton mass excesses near 750 GeV reported by ATLAS and CMS as pseudoscalar gluinonia, bound states of two gluinos, we perform a scan in Next-to-Minimal Supersymmetry parameter space, fixing mg ≈ 380 GeV and identifying an experimentally viable point. We generate events with this point, perform fast simulation, and carry out an analysis modeled on the ATLAS search which reproduces features of the diphoton excess. This interpretation requires an enhancement of the signal strength above the nominal rate found in the literature and neglecting the gaugino mass unification constraint M3 ≈ 3M2.
Introduction
The Standard Model (SM) of particle physics is both a success and a failure. A success because it is a strongly predictive model which no experimental measurement has falsified. A failure because it does not account for Dark Matter, the anomalous muon magnetic moment, the strong CP problem or the hierarchy problem.
Supersymmetry (SUSY) can succeed where the SM fails and embed the SM as a low energy approximation, thus inheriting its successes [1] . The µ-term problem of Minimal SUSY (MSSM) [1, 2, 3] motivates Next-to-Minimal SUSY (NMSSM), which includes a Higgs singlet in addition to the two Higgs doublets of the MSSM [2, 3] . In the study [4] we define a natural NMSSM benchmark h60, characterized by an effective MSSM and a slightly broken PQ symmetry. It features a light pseudoscaler Higgs with ma 1 ≈ 10 GeV and a light scalar with m h 1 ≈ 60 GeV, which can be produced from cascade decay of a light stop with mt 1 ≈ 340 GeV to electroweakinost1 → χ + b → χ3W b, and χ3 → h1χ1 → 2a1χ1. ATLAS and CMS have reported possible excesses in the diphoton mass spectrum [5, 6, 7] at the the Large Hadron Collider. ATLAS reports a local significance of 3.6σ near 750 GeV, while CMS reports a local significance of 2.6σ near 760 GeV. A diphoton decay strongly indicates decay from either a scalar or pseudoscalar. ATLAS reports a fitted width of approximately 40 GeV for the 750 GeV feature, much larger than the diphoton energy resolution. Assuming a resonance decay, the width is unusually large. Alternatively, there may be two or more resonances in close proximity.
See [8] for a recent bibliography of several hundred interpretations of the diphoton excess. In this paper we interpret the diphoton excess as gluinonia, bound states of gluinos which have been dubbed the hydrogen atom of SUSY [9] .
Gluinonia
The benchmark h60 in [4] features a relatively light gluino with mg ≈ 610 GeV which has been excluded by ATLAS and CMS in theg → tt1 channel. Since the lower energy phenomenology can be decoupled by relaxing the gaugino mass unification constraint M3 ≈ 3M2 imposed during the NMSSMTools scan, that study simply assumes the gluino mass is higher than the constraint imposes and thus avoids exclusion due to a lower gluino pair production cross section.
Alternatively, the gluino may have a small enough width that it can form bound states with shorter lifetimes than the gluino itself. We consider the possibility that the diphoton excess reported by ATLAS and CMS is a bound state of two gluinos, in which case the gluino mass is mg ≈ 380 GeV. This hypothesis is amenable to forming bound states since this gluino is below threshold forg → tt1 if mt > 207 GeV, forcing decays through virtual quarks to electroweakinos thereby increasing the gluino lifetime. In this case, pair produced gluinos may form states bound by the strong interaction. Such gluinonia states, the socalled hydrogen atom of SUSY, have been studied in the literature as early as the 1980s [10, 9, 11, 12, 13, 14, 15] .
In this study we consider a natural NMSSM benchmarkg380 with the low energy phenomenology of h60 but with a different spectrum for the gluino, stop and sbottom. We take the 750 GeV LHC diphoton excess to be two or more pseudoscalar gluinonia states, and the gluino mass to be mg ≈ 380 GeV.
We consider the the ground state color singlet 1 1 S0(1) (hereafter G1) and its nth radial excitations n 1 S0(1) (hereafter Gn). This state has been studied in the literature [11, 12, 13, 14] with consistent results, though there is considerable uncertainty in the evaluation of the ground state wavefunction at the origin |ψ0(0))| 2 which induces uncertainty in the cross section and width. For mg ≈ 380 GeV, the width is Γ1 ≈ 320 MeV. The binding energy of the ground state is E 
where the small mass differences have been negelected. The total cross section for the ground state and all radial excitations is σ = ∞ n=1 σ1/n 3 = ζ(3)σ1 ≈ 1.2σ1. The digluon width Γgg dominates the total width Γ1. Diphoton decays of these states are suppressed relative to digluon decays by α 2 em , with Rγγ = Γγγ /Γgg ≈ 5 × 10 −5 [12] , but we consider that some mechanism has enhanced production of the diphoton final state either through additional gluinonia states, enhanced cross section, enhanced branching ratios, or some combination of these possibilities. The nominal signal strength for pp → G1 → γγ is σ1 × Rγγ ≈ 0.2 fb, requiring an enhancement of order ×40 to produce the LHC 750 GeV diphoton excess if a signal efficiency of 40% is assumed. Throughout this paper we assume an enhanced cross section 4σ1 for pp → G1 and assume the residual enhancement ×10 arises from some other effect.
NMSSM Benchmarkg 380
We perform a NMSSM scan similar to the scan which produced h60. We use NMSSMTools4.8.2 [16, 17, 18, 19, 20, 21] and impose the full set of experimental constraints. Unlike the h60 scan, however, we use Higgs mass precision 1 rather than 2 in order to expedite the scan.
We fix the doublet-singlet coupling λ, the singlet self interaction coupling κ, the doublet scalar mass mA, and the doublet pseudoscalar mass mP to their h60 values. Forg380, we target a 380 GeV gluino by relaxing the unification constraint for the gaugino masses M3 = 3M2 and directly fix the mass M3 = 280 GeV. The other gaugino masses are fixed to the h60 values M2 = 161.5 GeV and M1 = We scan four parameters close to their h60 values with 10 8 random points: third generation squark mass mQ 3 , stop mixing Xt, the effective µ-term µ ef f , and the ratio of doublet VEVs tan β. All other squark and soft trilinear parameters are fixed to 1500 GeV. The slepton mass parameters are fixed to 300 GeV. See Table 1 for the scan parameter values and ranges.
Parameter Scan Rangeg
Since, as noted in [4] , a stop lighter than the one in h60 can explain the CMS dilepton excess [22] , we seek the benchmarkg380 among the points surviving the scan constraints with the lowest stop mass which is still consistent with the lower energy phenomenology of h60. These criteria yield the pointg380 with mg = 381.7 GeV, mt 1 = 324.0 GeV and mb 1 = 527.8 GeV. Theg380 gluino width is Γg ≈ 2 MeV, which, comparing with the nominal gluinonum width Γ1 ≈ 320 MeV, assures that the gluino lifetime is sufficiently long to allow gluinonium production and decay. In the assumed case here, with enhanced production cross section 4σ1, the width is even larger, ΓG 1 ≈ 1.3 GeV. See Table 1 for the parameter values ing380 and, for comparison, h60.
For verification that pair production ing380 of neutralinos, charginos, stops, and gluinonium decaying to to digluons is allowed given LHC8 constraints, we use CheckMATE [23] . See Table 2 for the maximum exclusion rmax from all validated ATLAS and CMS analyses. A process is excluded if rmax > 1. The table assumes a digluon signal strenth
For the pp →gg processes with bare gluinos decaying before forming bound states, the cross section is varied from the nominal Pythia8 cross section for mg = 380 GeV of σpp→gg ≈ 16 pb ×1, × 1 16 , ×
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in the CheckMATE test. The results indicate that σpp→gg ≈ 0.5 pb without bound state formation is allowed but σpp→gg ≈ 1.0 pb is excluded.
LHC Diphoton Signature ofg 380
In the previous section, we used Pythia8.205 [24, 25] to simulate gluon fusion production and digluon decay gg → G1 → gg for the CheckMATE test. In this section, we use the same generator for gluon fusion production and diphoton decay gg → G1 → γγ. For the diphoton background simulation, we use MG5 aMC@NLO [26] to simulate→ γγ, qg → qγγ and the box process gg → γγ.
The center of mass energy is set to √ s = 13 TeV with pp beams. Gluon fusion production of the MSSM pseudoscalar Higgs A is employed to mimic pseudoscalar gluinonia production. The decay A → γγ is required, and two masses are specified: mA = 740 GeV to mimic the G1 → γγ decay and mA = 760 GeV to mimic the diphoton decay of the remaining radial excitations Gn → γγ. The width is set to be negligible compared to the detector resolution.
Process r
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Analysis r cal is the calorimeter energy in a cone of radius ∆R = 0.4 around (but excluding) the photon. The analysis requirements are these:
CMS max
• at least two isolated photons with E where mγγ is the diphoton mass. After full signal selection, the signal efficiency is approximately 40% for both signal samples.
See Figure 1 for the signal diphoton spectrum after full signal selection, assuming σpp→G 1 × BR(G1 → γγ) = 8 fb, √ s = 13 TeV and dtL = 3.2 fb −1 . The mγγ distributions for the G1, the radial excitations Gn, and their sum are fit with a double sided Crystal Ball (DSCB) as defined in the ATLAS search [6] . The fitted full width at half maximum is approximately 40 GeV.
Also shown in Figure 1 is the diphoton spectrum of the Pythia8 signal added to the MG5 aMC@NLO background processes→ γγ, qg → qγγ and gg → γγ together with a background fit. The fit employs the probability density function used by ATLAS, namely f (x; b, a0) = (1 − x 1/3 ) b x a 0 where x = mγγ / √ s and a0, b are free parameters [6]. .
Conclusion
We have identified pseudoscalar gluinonia, bound states of gluinos with mg ≈ 380 GeV, as an explanation for the diphoton excesses reported by ATLAS and CMS. A light gluino below the threshold for decay to stop or sbottom has a small width because it must decay via virtual squarks, allowing two gluinos to form bound states with widths much larger than the gluino width.
A scan is performed in NMSSM parameter space with NMSSMTools4 to identify a benchmark pointg380 consistent with the benchmark h60 [4] featuring mg ≈ 380 GeV which survives experimental constraints. In order to identify a viable point with a gluino mass small enough to lie below the threshold for two-body decay, the gaugino mass unification constraint M3 ≈ 3M2 is ignored. We verify thatg380 survives LHC8 search constraints with CheckMATE.
An analysis based on the ATLAS diphoton search is carried out with events generated by Pythia8 with Delphes3 detector simulation which reproduces the important features of the diphoton excess in the √ s = 13 TeV data. We find that to reproduce the 750 GeV diphoton excess requires an enhancement of the nominal gluinonium to diphoton signal strength of ×40, and assume that some of this enhancement is due to the underestimate of the ground state wavefunction at the origin |ψ(0)| 2 in the literature. An explanation for the remaining enhancement is undetermined.
